Specific interactions of transcription factors (TFs) with their targets are crucial for specifying gene expression programs during cell differentiation. How specificity is maintained despite limited selectivity of individual TF-DNA interactions is not fully understood. RUNX1 TF is among the most frequently mutated genes in human leukemia and an important regulator of megakaryopoiesis. We used megakaryocytic cell lines to characterize the network of RUNX1 targets and cooperating TFs in differentiating megakaryocytes and demonstrated how dynamic partnerships between RUNX1 and cooperating TFs facilitated regulatory plasticity and specificity during this process. Following differentiation onset RUNX1 directly activated a large number of genes through interaction with preexisting and de-novo binding sites.
Introduction
The RUNX TFs are key regulators of cell lineage and differentiation in several important developmental pathways. They regulate transcription in a contextdependent manner through binding to the consensus core DNA sequence PyGPyGGT 1 . RUNX1 functions as key regulator in embryonic and adult hematopoiesis 2 .
Consistent with its important roles, haploinsufficiency, due to heterozygous loss-offunction mutations, is associated with familial platelet disorder and predisposition to acute myeloid leukemia (FPD-AML) 3, 4 . Sporadic heterozygous mutations in RUNX1
are also leukemogenic 5, 6 . RUNX1 resides on human chromosome 21 and chromosomal translocations involving RUNX1, including 8;21, 3;21, and 12;21 are among the most frequent leukemia associated translocations 7 . In addition, patients with Down syndrome (DS), the phenotypic manifestation of trisomy 21, have 500
fold-increased risk of developing acute megakaryoblastic leukemia (DS-AMKL/AML-M7) relative to normal individuals 8 .
RUNX1 plays an important role in megakaryopoiesis; the process leading to production of megakaryocytes, the polyploid precursors of platelets 9, 10 .
Megakaryocytes share a common precursor with erythrocytes known as the megakaryocyte erythroid progenitor (MEP) which gives rise to both megakaryocytic and erythroid lineages 9, 10 . Overexpression of RUNX1 in myeloid cell lines induces megakaryocytic differentiation 11, 12 , while induced Runx1 deficiency in bone marrow results in impaired megakaryocytic maturation and reduced blood platelet number (thrombocytopenia) 13 . While the cellular differentiation stages of megakaryopoiesis are well characterized, the regulatory programs responsible for the implementation of this process are largely unknown, as are the global RUNX1-regulatory mechanisms and direct target genes that drive this differentiation process.
RUNX1, in conjunction with additional sequence-specific TFs regulates hematopoietic cell-differentiation programs through specific interaction with its target genes following developmental signals 14 . In complex metazoan genomes, sequence recognition of binding site motifs by TFs is by itself not sufficient to discriminate bona fide binding sites from background genomic sequences. Hence, additional parameters such as chromatin structure and interactions with cooperating TFs
For personal use only. at Weizmann Institute of Science on October 21, 2010. www.bloodjournal.org From determined the functionality of potential binding sites. In a typical scenario, only a fraction of the numerous potential TF binding site motifs in the genome is occupied at a given state, and even smaller subset directly regulate transcription. This flexible selectivity creates a dense network of TF-genome interactions, which is currently difficult to predict and/or understand. Most importantly, it is unclear how to discern functionally important TF-genome interactions from transient or spurious ones and hence define the interactions that play active role in transcriptional regulation 15 .
Protein-protein interactions between TFs that simultaneously engage DNA 16 , add
another layer of complexity challenging our current understanding of transcriptional control.
Here we used TPA treated K562 17 and CMK cells to model megakaryocytic differentiation and to explore cell immediate response to a differentiation signal. We 
Material and Methods

Cells
K562 and CMK cells were maintained in RPMI medium supplemented with 10% 
Microarray processing and analysis
RNA was isolated by EZ-RNA (Biological Industries, Beit Haemek Israel), according to manufacturer instructions. Purified RNA was reverse-transcribed, amplified and labeled with Affymetrix GeneChip whole transcript sense target labeling kit. Labeled cDNA from TPA treated or untreated K562 cells was analyzed using Affymetrix human exon ST 1.0 microarrays, according to manufacturer instructions. Microarrays were scanned using GeneChip scanner 3000 7G. Microarrays data was normalized using dChip model based expression. All microarray data are available in the GEO public database under accession number GSE24779.
Further information on gene expression assay by quantitative RT-PCR is included in
Supplementary Methods.
Analysis of genomic regions encompassing promoters and enhancers
Annotated transcription start sites were downloaded from the UCSC site (January 2010 version). For the analysis shown in Figures 2-5 , each genomic locus was associated with the nearest TSS. Loci at a distance of up to 3K were categorized as "promoter regions", while loci at a distance between 3K and 200K were categorized "enhancer regions". Distribution of RUNX1 genomic occupancy indicated numerous strong binding peaks under all tested conditions as well as a significant number of weaker ones ( Figure   S10 ). This behavior was even more pronounced when H3K4me1 profiles were considered. These observations and the notion that a flexible wide range of interaction specificities exist for certain transcription factors, suggested that it would be impossible (or in fact undesirable) to apply a single universal definition of a RUNX binding site. As the main goal of the analysis was to obtain data on the global behavior of RUNX1 and its potential cooperating TFs, we applied a simple coverage threshold to detect RUNX1 sites and candidate enhancers. Genomic regions with high binding coverage in the non-immune serum control ChIP-seq experiments (n>6) were discarded. Contiguous regions with high binding coverage were grouped together to form distinct binding sites or enhancer regions. The cut-off for RUNX1 was based on the top 0.05% of data in the K562 profile (weighted coverage >13). The cut-offs for 
Results
RUNX1 expression in megakaryocytic cell lines
RUNX1 is highly expressed in megakaryocytic cell lines, including CMK and Meg01
(Supplementary Figure S1A Gene expression analysis of K562 cells before and after TPA treatment ( Figure 1E) revealed an extensive transcriptional response in the first 48 hours of treatment.
Changes included repression of genes involved in growth-related pathways such as ribosomal proteins and DNA synthesis, and induction of numerous genes in pathways Figure 1F ) showed that ~ 80% of these induced megakaryopoitic genes displayed low response to TPA in the absence of RUNX1 ( Figure 1F and G). In contrast, KD of RUNX1 did not systematically compromise the repression of immediate TPA responding genes ( Figure 1G ). These results identified a large set of TPA responsive genes whose transcriptional regulation was RUNX1-dependent (Supplementary Table S1 ) and established TPA treated K562
vs. K562 Runx1KD cells as a unique system for analyzing the molecular events underlying RUNX1-mediated regulation during megakaryocytic differentiation in this cell line.
Induction of differentiation in K562 involves de-novo recruitment of RUNX1 to a large number of genomic sites
We used our highly specific anti RUNX1 antibodies ( Figure 2A 
RUNX1 is preferentially recruited to sites of preprogrammed open chromatin
H3K4me1 marks chromatin of genomic regions associated with enhancer activity 20 .
Using H3K4me1 Table S1 ), which were TPA-induced and RUNX1-regulated, displayed a significant enrichment for de-novo RUNX1 occupancy within 250kb
around their activated TSSs ( Figure 3A ). Interestingly, this defined subset of apparently direct RUNX1 targets (marked in Table S1 ) contained a preponderance of genes important for megakaryopoiesis. Together, the data establish a causal link Importantly, the finding that most (~80%) of these de-novo RUNX1 bound sites, in proximity to activated genes, were localized faraway from the TSSs ( Figure 2C and Figure 3A ), indicates that RUNX1 regulates its target genes primarily through longrange enhancer promoter interactions. Of note, a significant statistical dependency (Spearman = 0.07, p<1.46e 57 ) was observed between increased RUNX1 occupancy at gene promoters vs. their surrounding enhancers ( Figure 3B ), underscoring the importance of remote enhancer-promoter interaction in RUNX1-mediated response to TPA.
This finding raised the possibility that some of the identified RUNX1 promoteroccupancy sites resulted from initial binding at remote enhancers followed by chromosomal looping 21, 22 . This interpretation is illustrated by ChIP-seq readouts of several TPA induced RUNX1 regulated megakaryocytic genes encompassing remote newly occupied RUNX1 binding sites spanning H3K4me1 rich H3K27me3 poor regions ( Figure 3C ). RUNX1 occupancy along the regions shown in Figure 3C , was further evaluated using quantitative ChIP-PCR. RUNX1 binding was detected in all ChIP-seq peaks tested ( Figure 3D ), albeit it was higher at sites containing RUNX motifs. Moreover, Runx1 binding to several homologous mouse regions was detected by quantitative ChIP-PCR using fetal liver derived murine megakaryocytes ( Figure   3D ).
Sequence specificity of RUNX1 occupancy sites
To characterize the sequence specificity of constitutive RUNX1 occupancy sites we searched for DNA sequence motifs, within RUNX1 bound regions, prior to TPA treatment, in comparison to a background set consisting of H3K4me1-enriched regions lacking RUNX1 occupancy (for details see Supplementary Methods). This analysis confirmed the existence of a RUNX motif, which specified RUNX1 binding to a unique subset of enhancer and promoter elements distinguished from background enhancers ( Figure 4A ). Interestingly, while this RUNX1 specific motif was highly significant (P<10 -53 ), it was detected in only ~40% of occupied sites, when setting the background motif percentage at 5%. This occurred even when RUNX1 sites were selected from the H3K4me1-marked enhancers rather than considering the entire genome. Such loose specificity, previously found for other mammalian TFs [23] [24] [25] , suggested that additional sequences and/or co-factors are required to specify RUNX1 -300 , Figure 4A ), even for RUNX motifs of less than optimal sequence. This wide pattern of correlation suggested that weaker, sub-optimal RUNX motifs were still playing a role in specifying RUNX binding sites, probably in cooperation with additional TF motifs. Interestingly, the correlation between RUNX sequence motif binding energy and actual RUNX1 binding was weaker at promoter regions than at enhancer regions, (in promoters: Pearson=0.06, p<10 -137 in enhancers: Pearson=0.09, p<10 -300 ), supporting the thesis that some of the reported RUNX1 promoter occupancy resulted from chromatin looping.
GATA motifs enrichment and GATA1/RUNX1 co-occupancy at constitutive
RUNX1 bound sites
Prior to induction of megakaryocytic gene expression program by TPA (Figure 1 ), RUNX1 was bound at 3,538 genomic sites of which at least 2,504 were also occupied after TPA treatment ( Figure 2B ) and were stringently defined as constitutively occupied regions. Sequence analysis of these regions revealed significant enrichment for GATA box motifs ( Figure 4B , P<1e-
24
). Genome-wide analysis of distance distribution of RUNX-GATA motifs revealed that at constitutively occupied regions the two motifs were coupled, whereas in de-novo RUNX1 bound regions this coupling was weak ( Figure 4C ). This significant association between RUNX1-GATA at constitutively occupied RUNX1 regions was confirmed by analysis of previously Figure S6) and confirmed their significant cooccurrence with RUNX1 sites ( Figure 5B ). All in all, following induction FOS occupancy was found to be in high correlation with RUNX1 recruitment ( Figure 5B and 5C).
Next we explored the nature of RUNX1/AP-1 co-occupancy by analyzing the relations between RUNX1 and AP-1 binding and their DNA motifs. For this purpose we used a data set combining the ENCODE-derived cFOS ChIP-seq occupancy in untreated K562 26 and our FOS and FOSB ChIP-seq data in K562-TPA cells ( Figure   5D ). RUNX1 and AP-1 bound sites were highly enriched for their respective motifs.
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However, de-novo RUNX1 bound sites lack RUNX motifs when recruited to constitutive AP-1 sites (group VIII in Figure 5D , only 5% have the motif compared to 25% of the stand alone RUNX1 sites). Conversely, de-novo AP-1 bound sites have a marked reduction in AP-1 motifs when recruited to constitutive RUNX1 sites (group VI in Figure 5D , 20% have the motif compared to 50% in stand alone sites). In joint AP-1/RUNX1 binding sites (either constitutive or de-novo), both motifs are enriched but to a lesser degree. According to this analysis RUNX1 and AP-1 are capable of recruiting each other to target sites. This conclusion is supported by finding that the two TFs physically interact 16 . Following TPA induction, levels of both TFs increased 
Enrichment of ETS TF motif proximal to RUNX1 bound sites in CMK cells
The commonly used megakaryoblastic cell line CMK 35, 36 is considered more differentiated than K562 as it expresses late markers of megakaryocytes and platelet differentiation 35, 37 . Using this cell line we employed RUNX1 ChIP-seq to further address the plasticity of RUNX1 occupancy during megakaryopoiesis. Analysis revealed a substantial overlap between sites bound by RUNX1 in CMK and K562
cells, but also identified a significant number (~7000) of CMK-specific RUNX1 occupied sites ( Figure 6A and Supplementary Figure S7 ). Sequence analysis revealed ETS TF motifs in close proximity to CMK specific RUNX1 bound sites, in clear distinction from the K562 sites ( Figure 6B ). ETS family members were previously shown to cooperate with RUNX1 [38] [39] [40] [41] . Interestingly, analysis of RUNX1 occupancy patterns in loci of several genes expressed in CMK, revealed differential binding of RUNX1 to two ETS TFs, ETS1 and FLI1 in CMK compared to K562 cells ( Figure   6C ). Differential binding of RUNX1 in proximity to PIK3R5/6 and RAB27b genes Figure 6C ). These genes are known to play role in late stages of megakaryopoiesis and platelets formation 42, 43 , To derive unbiased information regarding the relationship between sequence motifs and different modules of RUNX1 binding, we systematically calculated the fold enrichment of each motif associated with RUNX1 occupancy in the different binding modules ( Figure 6C) . The results correspond well to the experimental data indicating a common prevalence of RUNX motif in all classes and additional motifs, of RUNX1-cooperating TFs, including GATA, AP-1 and ETS that were biased towards class specificity. Importantly, their enrichment varied according to megakaryocytic differentiation stages; GATA at K562 constitutive sites, AP-1 at TPA-induced sites, and ETS at CMK-specific sites.
Interestingly, when RUNX1 ChIP-seq data for Jurkat T cells 40 was included in the co-occurrence analysis it was found that AP-1 motif was significantly underrepresented, whereas a pronounced enrichment for the motif of TF PBX1B
(GATGTG) was noted (Supplementary Figure S8 
RUNX1 plays a pivotal role in megakaryopoiesis
Using differentiating megakaryocytic cell-line models we provided for the first time a 
GATA1, AP-1 and ETS emerge as key RUNX1 cooperators in megakaryopoiesis
Sequence analysis of regions occupied by RUNX1 prior to induction of megakaryocytic differentiation program indicated enrichment for the RUNX-GATA motif pair, suggesting that RUNX1 and GATA1 might cooperate during early stages of megakaryopoiesis. Experimental evidence in favor of this conclusion was granted by analysis of the recently reported data of GATA1 occupancy in K562 cells 
